Oxides Experiment (SONEX) reveal episodes of high NOx in the upper troposphere believed to be associated with lightning. Linkage to specific periods of lightning activity is possible through back trajectories and data from the National Lightning Detection Network. Lagrangian model calculations are used to explore the evolution of these high NOx plumes over the 1-2 days between their introduction and subsequent sampling by NASA's DC-8 aircraft. Simulations include expected changes in HNO•, H202, CH•OOH, HO2, and OH. Depending on the time of injection and dilution rate, initial NO• concentrations are estimated to range from 1 to 7 ppbv. Similar to many previous studies, simulated HNO3 concentrations tend to be greater than observations. Several possible explanations for this difference are explored. H202 observations are shown to be consistent with removal in convective activity. While it is possible that upper tropospheric CH3OOH is enhanced by convection, simulations show such increases in CH3OOH can be short-lived (e.g., < 12 hours) with no perceptible trace remaining at the time of sampling. High NO levels further prevent elevated levels of CH3OOH from propagating into increases in H20 2. HO 2 is suppressed through reaction with NO in all cases.
Introduction
Our understanding of tropospheric photochenfistry is critically dependent upon our understanding of the budget and distribution of NOx (NO+NO0. Through catalytic cycling in reaction with peroxy radicals, NO• plays a dominant role in regulating the photochemical production of ozone [Chameides and Walker, 1973; Crutzen, 1973] . NO.
• also influences the cycling of HOx (OH+HO2) [Liu, 1977; Hameed et al., 1979] .
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Observations
The SONEX campaign consisted of 14 flights between October 13 and November 12, 1997. Flights focused on collecting data from the upper troposphere with more than 80% of data coming from altitudes above 6 km. NOx levels encountered on three flights were substantially higher than those observed for other flights (see Figure 1) . The flights on October 29 and November 3 and 9 disproportionately contributed to the total NOx burden observed during the mission and suggest that the total NOx burden is significantly influenced by highly localized plumes of NOx. Average and median statistics given in Table 1 show that these three flights encountered NO levels more than 3 times greater than typically observed. Furthermore, the average NO for the total data set decreases by 40% when observations for these three flights are not included. The change in median NO is much smaller, signifying that a large portion of the total NOx burden existed in concentrated plumes. Given the limited sampling of only 14 flights, the quantitative usefulness of the statistics in Table 1 may be questioned, and the importance of plumes to NOx over the North Atlantic may also be viewed with some skepticism. Nevertheless, a large contribution for plumes to average NOx over the eastern United States/North Atlantic has also been documented in the more extensive
Nitrogen Oxides and Ozone Measurements along Air Routes (NOXAR) data set [Brunner et al., 1998].
Evidence for a lighming origin for these NOx plumes comes from several sources: back trajectories, NLDN and LR lightning data, and tracer correlations. The trajectories used here were provided by investigators from Florida State University [Fuelberg et and 9, the correlations observed between NO and UFCN are not present for free CN (> 15 nm diameter). On the other hand, free CN data for October 29 correlate with NO just as well as UFCN data. This may relate to the time elapsed between sampling and injection of NO. As will be shown in the case studies, high NO sampled during flights on November 3 and 9 were most likely injected by lightning 18-24 hours prior to sampling; however, the high NO measured on October 29 appears to be at least 32 hours old. The longer processing time for the air sampled on October 29 may have allowed for not only new particle formation but significant particle growth as well. Episodes of high CN concentrations are not limited to these three flights; however, The assumption of clear-sky photolysis rates is adopted based on the altitude of the trajectories and observations (i.e., ~ 10 km). At this altitude, any attenuation of UV actinic flux from clouds above is unlikely and some enhancement from low-level cloudiness is quite probable. Furthermore, any thin cirrus generated by the convective outflow would most likely cause a local enhancement in photolysis rates. For these reasons, the use of clear-sky photolysis rates is believed to be a conservative estimate. The more difficult question concerning possible heterogeneous chemistry in the presence of cirrus clouds will be discussed in the interpretation of model results, but such chemistry is not incorporated into these model simulations.
Case Studies
Model calculations presented here are used to explore possible scenarios for the introduction and evolution of NO episodes from all three flights. Initial conditions for these calculations are given in Table 2 . As noted earlier, the conditions in Table 2 are held constant in time with the exception of latitude, longitude, and Total Ozone Mapping Spectrometer (TOMS) total ozone. Trajectories for all three cases indicated rising air, although changes in altitude were small (-•1 km for October 29/November 9 and-•2 km for November 3). These small changes are neglected, and calculations are fixed at the sampling altitude along the trajectory. The episode observed around 1700 UT on October 29, 1997 is investigated in greatest detail since it appears to represent the longest time and distance between injection and sampling for the episodes encountered.
These simulations examine the evolution of NO, NOx, HNO3, H202, CH3OOH, HO2, and OH for plumes from each flight. pptv and had a 6-hour lifetime with respect to aerosol uptake; thus NOx losses via this pathway were more than an order of magnitude slower than OH+NO 2. PAN formation was also negligible along the trajectory at less than 1 pptv. 4.1.2. HNO3. For scenario 1, the increases in HNO3 to levels between 400 and 600 pptv appear to rely primarily on the timing of the injection, with earlier injections leading to more HNO3. These calculations exceed both HNO3 observations by more than 100 pptv (see Table 3 ). This result is of concern, but it is not When additional convective impacts are included (scenario 2), HNO3 is initially lower due to the rainout perturbation and subsequent dilution, but HNO3 increases more rapidly since NOx oxidation is enhanced by the higher OH levels. Thus, final HNO3 concentrations still exceed 400 pptv. The absence of dilution in scenario 3 (Figure 4c ) shows photochemistry to be the primary driver for HNO3, which displays behavior similar to the simulations in scenario 2. When doubling the dilution rate (scenario 4), predicted HNO3 levels are still in the 400 pptv range; thus, predicted HNO3 appears to be fairly insensitive to changes in either injection or dilution.
Although not shown in Figure 4 , pemitric acid (HO2NO2) slightly decreases in these simulations from an initial value of -30 pptv despite the increased NOx. This is due to the decrease in HO2, which more than offsets the increase in NO 2. Although not shown in Figure 4 , the elevated levels of NO and CH•OOH lead to increases in CH20. For instance, CH20 in scenario 2 (initially in the 25-30 pptv range) increases to nearly 150 pptv, peaking about 6 hours after the convective event. Due to the elevated OH, however, CH20 loss quickly takes over, reducing values to the 50-60 pptv range by the end of these simulations. This value is in reasonable agreement with the CH20 measurement which indicates CH20 to be at or below the 50 pptv detection limit. This final value might be higher ifCH20 was also transported from the boundary layer, but there is no convective perturbation to CH20 in these simulations. Using these recommendations under the conditions being simulated here, the rate constant for OH+NO2 is decreased by 25% and the rate constant for OH+HNO3 is increased by 70%. In calculations using these revised rate constants, HNO3 decreased by 18% on average with no scenario decreasing by more than 23%. This relatively small change is a result of several factors. First, NOs represents a significant OH sink in these calculations; therefore, the decrease in the NO2+OH rate constant allows for higher OH concentrations. This higher OH concentration somewhat offsets the impact of reducing the rate constant for HNO3 formation. For HNO3+OH, changing this rate constant had a negligible impact on calculations of HNO3 since photochemical formation of HNO3 exceeded loss by an order of magnitude in these calculations. In an equilibrium calculation where formation and destruction of HNO• are equal, changing this rate constant would be expected to have a significant impact. The strong role of dilution in scenario 4 led to the lowest impact from changing these rate constants with decreases in HNO• being Plate 2 shows the back trajectory for this high NO episode and its proximity to electrical activity. Again, the full trajectory, current position, and detected lightning flashes are depicted for four consecutive 6-hour periods. Here, the introduction of lightning NO, appears to have occurred most likely during a period about 18-24 hours prior to sampling. Note, however, that while the trajectory falls behind the region of strongest lightning after 2400 UT on November 2, the plume remains in trailing regions of weaker lightning activity as it continues up the east coast of North America. GOES satellite imagery shows no evidence of cloudiness in this trailing region crossed by the plume. Figure 5 shows results for NOs injections at 18 and 24 hours assuming a 3-day dilution lifetime and convective impacts on HNO3 and peroxides (i.e., scenario 2). Similar to the case for October 29, the results for November 3 do not appear to be overly sensitive to the precise time of injection. The sensitivity to injection time here is even less since any injection during the period of darkness from 8 to 20 hours prior to sampling would yield similar photochemical results.
HNO3 is overpredicted for this episode by more than a factor of 2, but the absolute magnitude of the overprediction (i.e., 100-200 pptv) is similar to that for October 29. As already noted, several possibilities exist for trying to explain these differences; however, these data lack the information necessary for a def'mitive explanation. Peroxide behavior is also similar to the October 29 simulations. The measured H202 level appears to be consistent with convective removal followed by m'mimal changes in concentration. Results for CH3OOH again show that a 500 pptv convective enhancement would be largely removed prior to sampling, but in this case, a small residual amount remains. A Table 2 ).
Plate 3 shows back trajectories for all three episodes of high NO and their proximity to electrical activity. All three cases show a similar history. Unlike the previous cases, here the air masses appear to have encountered lightning much further north. Again, the most likely period for NOx injection appears to be about 18-24 hours prior to sampling, but trajectories show proximity to lightning over a substantially longer period. As with the case of November 3, these trajectories entered darkness 21 hours prior to sampling and entered daylight again 8 hours before sampling. Thus, the precise time that NOx was injected is not critical to the photochemical results of these calculations. Calculations here focus on the second high NO episode peaking around 2300 pptv and averaging 1875 pptv. Figure 6 shows results for NOx injections at 18 and 24 hours assming a 3-day dilution lifetime and convective impacts on HNO3 and peroxides (i.e., scenario 2). This calculation is the first to show reasonable agreement with measured HNO3; however, the 200-300 pptv of CH3OOH remaining from the convective enhancement is in disagreement with the limit-ofdetection measurement (25 pptv). One fimdamental difference for this flight, however, is the latitude at which the convection was encountered. Unlike the previous cases, convective activity in the Gulf of Mexico region was absent, and the intersection between trajectories and strong electrical activity occurred further north by 5-10 ø latitude. Latitude distributions of CH3OOH measurements from O'Sullivan et al. [ 1999] show that boundary layer mixing ratios could decrease by factors of 2 or more between 20 ø and 40 øN. Thus convective enhancement of CH3OOH would likely be diminished for convection occurring at higher latitudes.
Additional calculations show that reducing the convective enhancement of CH3OOH to no more than 100 pptv would be more consistent with observations. This correction to CH3OOH lowers estimates of HNO3 to 210 and 160 pptv for injections at 24 and 18 hours, respectively. Since these values are within the uncertainty of the lesser of the HNO3 measurements (see Table  3 ), it is tempting to accept the result as reasonable; however, to be consistent with the f'mdings for the other two cases, it is necessary to comment on why this case does not overpredict HNO3. Based only on surface area estimates, this plume (-19 [tm 2 cm '3) would have experienced more heterogeneous loss than the plumes of October 29 and November 3 (-10 !lm 2 cm'3). The distribution of particle sizes, however, indicates that the aerosol environment of November 9 may have been significantly different in composition. When only considering particles < 100 nm, the available surface area for November 9 was-4 gm 2 cm '3 compared to -10 gm 2 cm '3 for October 29 and 6 !lm 2 cm '3 for Table 3. MI-IC concentrations, the November 9 plume was the most polluted. This may indicate convection from a more polluted marine boundary layer just off the east coast of the United States. A second possibility is that the upper tropospheric portion of air mixed into the plume at the point of convection was impacted earlier by convection over the continental United States. Along with the NMHCs, such air would probably contain a significant amount ofHNO 3 which would allow the plume to start with more than the 50 pptv assumed in these simulations. Unlike HNO3 and CI-I3OOI-I, I-I202 exhibits behavior consistent with the other case studies. Again, the fmal concentration of H202 is consistent with wet removal during convection with only minor subsequent changes. I-IO2 is more severely depressed than in the previous cases due to higher NOx levels, but OH is essentially unchanged. Here, the gains in OH from I-IO2+NO have been entirely offset by the loss of OH through OI-I+NO2. Enhancements in OH should be expected to occur further downstream as NOx levels become more diluted. Lagrangian calculations were used to explore the evolution of three of these high NO x episodes. Several scenarios were simulated to cover the range of possible times for NOx injection, various dilution rates, and convective perturbations to HNO3 and peroxides. Depending on the time of injection and dilution rate, initial NOx concentrations ranged from 1-7 ppbv. Values of 0.5-4 ppbv are supported by mtmerous field observations for NOx in and around electrically active clouds.
Implications of Plumes for Global Simulations
Simulations of HNO3 did not agree well with observations. For the October 29 case, expected HNO3 concentrations of 400-600 pptv were fairly insensitive to initial conditions and exceeded observed values by 100 pptv or more. Factors possibly contributing to this overprediction included uncertainties in rate constants, convective impacts on HNO3 and CH3OOH, and heterogeneous chemistry. HNO3 was overpredicted by more than factor of 2 for the November 3 case; however, the absolute difference between prediction and observations was similar to that of October 29. Prediction of HNO3 on November 9 was within observed uncertainties; however, this agreement may have been fortuitous since the initial conditions for HNO3 are more uncertain. Collectively, these Lagrangian calculations have proven to be useful in highlighting some of the difficulties in simulating HNO3. While they have removed the uncertainty associated with assming photochemical equilibrium, important questions still remain relating to the specifics of heterogeneous loss/recycling through exposure to aerosol or cirrus clouds as well as aerosol composition.
H202 simulations provided results consistent with convective removal for all three cases. Another factor contributing to the reduction of H202 was the high NO environment which effectively blocked fiather formation of H202 while leaving the loss of H202 unimpeded. The high NO environment impacted CH3OOH similarly. While it is possible that CH3OOH was convectively enhanced, simulations show perturbations to be short-lived with no perceptible trace remaining at the time of sampling. The November 9 case was an exception; however, the convection for this case was located further north where boundary layer concentrations of CH3OOH might have been significantly less. While these calculations cannot verify the convective enhancement of CH3OOH, it is not a trivial issue. For example, elevated CH3OOH led to integrated increases in OH of 30-60% over the 50-hour simulations for the October 29 case.
The impact of lightning NOx on HOx has a strong dependence on the NOx concentration. Suppression of riO 2 is common to all cases. This suppression of riO 2 through reaction with NO serves to elevate OH, but elevated NOx levels also present an additional burden to OH through reaction with NO 2. Lightning NOx for the October 29 and November 3 cases led to increases in OH by more than a factor of 2. On the other hand, the November 9 case illustrated conditions for which lightning NOx caused no change in OH despite suppression of HO 2 by an order of magnitude. This condition would change further downstream as the NO x continues to dilute and the competition between HO2+NO and NO2+OH begins to favor increased OH.
Finally, the SONEX data demonstrate the potential for plume-scale processes to be important in the chemistry and longrange transport of lightning NOx. Both of these effects represent potentially significant uncertainties for regional and global chemical transport models.
